Analyses of circulating metabolites in large prospective epidemiological studies could lead to improved prediction and better biological understanding of coronary heart disease (CHD). We performed a mass spectrometry-based non-targeted metabolomics study for association with incident CHD events in 1,028 individuals (131 events; 10 y. median follow-up) with validation in 1,670 individuals (282 events; 3.9 y. median follow-up). Four metabolites were replicated and independent of main cardiovascular risk factors [lysophosphatidylcholine 18:1 (hazard ratio [HR] per standard deviation [SD] increment = 0.77, P-value,0.001), lysophosphatidylcholine 18:2 (HR = 0.81, P-value,0.001), monoglyceride 18:2 (MG 18:2; HR = 1.18, P-value = 0.011) and sphingomyelin 28:1 (HR = 0.85, P-value = 0.015)]. Together they contributed to moderate improvements in discrimination and re-classification in addition to traditional risk factors (C-statistic: 0.76 vs. 0.75; NRI: 9.2%). MG 18:2 was associated with CHD independently of triglycerides. Lysophosphatidylcholines were negatively associated with body mass index, C-reactive protein and with less evidence of subclinical cardiovascular disease in additional 970 participants; a reverse pattern was observed for MG 18:2. MG 18:2 showed an enrichment (P-value = 0.002) of significant associations with CHD-associated SNPs (P-value = 1.2610
Introduction
Advances in high-throughput technologies can fuel discovery of novel biomarkers for early detection and prevention of coronary heart disease (CHD). Metabolomic profiling, or metabolomics, provides a holistic signature of biochemical activities in humans by detecting and quantifying low-weight molecules (,1,500 Da). Integration of genetic information and metabolomics data can generate new hypotheses regarding underlying pathophysiological processes [1] . Moreover, targeted metabolomics studies have identified several associations between metabolites and cardiovascular disease (CVD) risk [2, 3] highlighting the importance of metabolic pathways in the development of atherosclerosis.
The primary aim of our study was to identify novel CHD biomarkers by performing non-targeted metabolomics profiling in 3,668 individuals free of CHD at baseline from three populationbased prospective cohort studies. Our secondary aims were to delineate the underlying biological mechanisms and to evaluate clinical utility, as well as potential causal effects for those metabolites showing strong evidence of association. For these purposes, we analyzed associations with measures of oxidative stress, inflammation and subclinical CVD, as well as integrated metabolomics and genetics data.
Results
An overview of the study design is illustrated in Fig. 1 and baseline characteristics of the three studies are described in S1 Table. Participants in ULSAM and PIVUS were all of the same approximate age at baseline (interquartile range, 70.1 to 71.0 years), while TwinGene participants were of younger median age (64.7 years) and with a wider range (interquartile range, 59.2 to 69.9 years).
Primary aim: Discovery of novel CHD biomarkers and the clinical utility
Discovery and validation of metabolic features associated with incident CHD. In the 1,028 ULSAM participants free of CHD events at baseline, we observed 131 CHD events during a median follow-up of 10.0 years. There were 32 unique metabolites associated with CHD incidence at a 15% FDR level (S2 Table) . Nine metabolites were annotated using our in-house compound library [Metabolomics Standard Initiative (MSI) level 1] and 12 using publically available databases (MSI level 2). We could identify the metabolic class (MSI level 3) for seven metabolites, while four candidate metabolites could not be annotated (MSI level 4).
We sought to replicate these 32 metabolites in the TwinGene study, where 282 incident CHD events were observed during a median follow-up of 3.9 years. Twenty-seven metabolites showed a consistent direction in TwinGene (binomial test P-value ,0.001). Five of the metabolites showed significant association (P-value, 0.05) and consistent direction [monoglyceride 18:2 (MG 18:2), a monosaccharide, lysophosphatidylcholine 18:2 (Lyso PC 18:2), a derivative of cinnamic acid and sphingomyelin 28:1 (SM 28:1); Table 1 and S3 Table] . Since we detected a significant interaction between LysoPC 18:2 and age (P-value = 0.03; S3 Table) , with a stronger protective effect on CHD in individuals older than 70 years (S1 Figure, Panel A) , we model this interaction in all the following analyses and report estimates also for individuals older than 70 years Chemical structures of these metabolites were additionally confirmed by targeted tandem mass spectrometry (S2 Figure) .
LysoPCs and their ratios in relation to incident CHD. Since LysoPC 18:2 was the metabolite with the strongest association with incident CHD in ULSAM and in older participants from TwinGene, we extended our analysis to four additional LysoPC species to evaluate common patterns and pathways. Moreover, since the main mechanism by which LysoPCs are formed is via hydrolysis of phosphatidylcholines (PC) [4] , we explored the association between the most abundant LysoPC/PC ratios and incident CHD. There was a strong negative association between LysoPC 18:1 and incident CHD (HR = 0.77; P-value,0.001) in the two studies combined after adjustment for main cardiovascular risk factors (S4 Table) . This increased the number of metabolites significantly associated with incident CHD independently of main cardiovascular risk factors to four. Survival curves for each metabolite are reported in S1 Figure, Panel B. The ratios between LysoPCs and PC were not significantly associated with CHD (S4 Table) . Secondary aim: Exploration of biological mechanisms and evaluation of potential causal effects of four metabolites associated with CHD Association with main cardiovascular risk factors, markers of oxidative stress, inflammation and subclinical CVD. We explored the associations of our four novel metabolites and main cardiovascular risk factors (Fig. 2, Panel A) , as well as with markers of oxidative stress, inflammation and subclinical CVD (Fig. 2, Panel B) . The two LysoPC species showed a similar pattern of association; higher LysoPC levels were associated with higher high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) levels and lower body mass index (BMI). Similar associations were also observed for SM 28:1. Monoglyceride 18:2 was positively associated with triglycerides and BMI levels in all the three studies, while the association with HDL-C levels was in the inverse direction. The correlation between MG 18:2 and triglycerides (measured in serum using standard methods) was strong (r 2 range: 0.25-0.53). In TwinGene, when triglycerides and MG 18:2 were included in the same model adjusting for only age and sex, both
Author Summary
Non-targeted metabolomic profiling of large populationbased studies has become feasible only in the past 1-2 years and this hypothesis-free exploration of the metabolome holds a great potential to fuel the discovery of novel biomarkers for coronary heart disease (CHD). Such biomarkers are not only important for risk stratification and treatment decisions, but can also improve understanding of cardiovascular disease pathophysiology to identify new drug targets. In this study, we investigated the metabolic profiles of more than 3,600 individuals from three population-based studies, and discovered four metabolites that are consistently associated with incident CHD. We integrate genetic and metabolomic analysis to delineate the underlying biological mechanisms and evaluate potential causal effects of the novel biomarkers. Specifically, we found one metabolite to be strongly associated with single nucleotides polymorphisms previously reported for association with CHD, and consistent with a potential causal role in CHD development, as suggested by Mendelian randomization analysis. showed an independent significant positive association with incident CHD (S6 Table, In PIVUS (Fig. 2, Panel B) , we observed the two LysoPC species being associated with lower levels of inflammation markers and less subclinical CVD. We detected a strong inverse association between LysoPC 18:1 and plasminogen activator inhibitor-1 (PAI-I; P-value = 1.8610 212 ), C-reactive protein (P-value = 3.1610
211
), fibrinogen (P-value = 7.3610 29 ) , and left ventricular mass index (P-value = 2.2610 27 ). MG 18:2 was positively associated with several markers of oxidative stress and subclinical CVD: PAI-I (Pvalue = 1.7610 215 ), tissue plasminogen activator (P-value = 2.5610 29 ), fibrogen (P-value = 6.4610 28 ) and conjugated dienes (P-value = 1.2610
28
). After adjustment for main cardiovascular risk factors, most associations were attenuated. However, in these multivariable-adjusted models, LysoPC 18:1 remained significantly associated with higher levels of monocyte chemotactic protein-1 (MCP-1) and lower levels of C-reactive protein and fibrinogen, even after correction for multiple testing.
Genome-wide association studies. We tested for association between ,7.5M 1000G-imputed single nucleotide polymorphisms (SNPs) and the four metabolites associated with CHD independently of main cardiovascular risk factors (LysoPC 18:1, LysoPC 18:2, MG 18:2 and SM 28:1) in all 3,620 participants from the three studies with both genetic and metabolomics data ( Table 2 ). In analyses of LysoPC 18:1, we detected a novel association with rs75729820 (P-value = 2.7610 28 ), close to C8orf87 on chromosome 8, and a suggestive association signal (rs8141918; P-value = 4.5610 27 ) close to A4GALT on chromosome 22 (S3 Figure) . We could also confirm a previously reported association between a SNP upstream of the FADS2 gene and LysoPC 18:2 [6] , and found a suggestive association between rs964184, in the ZNF259/APOA5 region, and MG 18:2 (Pvalue = 1.2610
27
). The rs964184 variant has been associated with several cardiovascular traits including CHD in previous studies [6, 7] . The SNP rs12878001 near to SGPP1 was significantly associated with SM 28:1 and correlates with a SNP (rs17101394; r 2 = 1) previously reported to be associated with sphingolipid levels [8] . All the SNPs reported in Table 2 had consistent direction of effect in the three studies.
Association with variants associated with CHD or from candidate pathways. We investigated the association between the four metabolites and 44 established CHD-associated SNPs [9] , as well as seven candidate SNPs targeting biologically relevant pathways (Fig. 2 , Panel C; S1 Text for SNPs selection procedures). MG 18:2 showed a significant enrichment of Pvalues,0.05 for association with CHD-associated SNPs compared to the expected (hypergeometric test P-value = 0.002). This enrichment remained even after adjustment for main cardiovascular risk factors (P-value = 0.02; S4 Figure) . Sensitivity and exploratory analysis. First, we evaluated the association of the four metabolites and incident CHD when the ULSAM follow-up was extended to 20 years, including 198 CHD events (S7 Table) . The effect sizes were comparable to those observed for the 10-year follow-up. Second, in the multivariable analysis for association with CHD, we separately included two covariates in addition to the main cardiovascular risk factors: C-reactive protein and statin treatment. The associations between the four metabolites and incident CHD were essentially the same (S8 Table) . Third, we assessed Lp-PLA 2 activity in 254 older individuals (64 CHD events) from TwinGene. Lp-PLA 2 is a known marker of atherosclerosis and hydrolyzes PC to produce LysoPCs. By adjusting the analysis for Lp-PLA 2 we wanted to evaluate if the protective association between LysoPC 18:1 and incident CHD was confounded or mediated by Lp-PLA 2 . The effect size after adjustment for Lp-PLA 2 activity in addition to main cardiovascular risk factors was similar as in the main multivariable model (HR = 0.78; P-value = 0.176) arguing against Lp-PLA 2 being an important confounder or mediator of the association.
Discussion

Principal findings
In this study of 3,668 participants from three prospective population-based cohorts, we investigated the association of circulating metabolites measured by liquid chromatography coupled mass spectrometry with incident CHD. In our discovery cohort, 32 metabolites were associated with CHD, of which 84% showed a directionally consistent association with CHD in our validation cohort. In multivariable analyses adjusted for main cardiovascular risk factors, three metabolites remained associated with CHD. In a targeted LysoPC analysis, we detected one additional significant association resulting in a total of four metabolites associated with CHD independently of main cardiovascular risk factors: LysoPC 18:1, LysoPC 18:2, MG 18:2 and 
Monoglycerides
We observed a strong positive association between MG 18:2 and CHD. The majority of circulating monoglycerides are released by the action of lipoprotein lipase and hepatic lipase, which catalyze the hydrolysis of triglycerides to provide nonesterified fatty acids and monoglycerides for tissue utilization [10] . Monoglycerides are further converted into free fatty acids and glycerol by monoglyceride lipase. Within the intestinal wall, monoglycerides are used to resynthesize diglycerides and triglycerides via monoacylglycerol pathway before being transported in lymph to the liver. Several observations suggest an involvement of MG 18:2 in the pathogenesis of CHD. First, MG 18:2 is central in the synthesis and breakdown of triglycerides and a causal effect of plasma triglyceride levels on CHD risk have recently been supported by a large Mendelian randomization analysis [11] . Although highly correlated, when both MG 18:2 and triglycerides were included in the same model, both showed independent significant associations with CHD. Moreover, when separately added to a model with main cardiovascular risk factors, MG 18:2 Minus log 10 (P-value) for association with markers of inflammation, oxidative stress and subclinical CVD in PIVUS. Sex-adjusted analysis (upper panel) and adjusted by sex, systolic blood pressure, body mass index, current smoker, antihypertensive treatment, LDL-C, HDL-C, log-triglycerides and diabetes at baseline (lower panel). * indicates the alpha threshold after multipletesting correction. Panel C: Minus log 10 (P-value) for association with 51 SNPs previously reported for association with CHD (44 SNPs) or selected from candidate pathways (7 SNPs). doi:10.1371/journal.pgen.1004801.g002 was a better predictor of CHD than triglycerides. Second, MG 18:2 was associated with higher levels of cardiovascular risk factors and markers of subclinical CVD and oxidative stress. Third, Mendelian randomization analysis suggested a weak, but positive causal effect of MG 18:2 on CHD risk. Several SNPs reported for association with CHD remained associated with MG 18:2 (in the PCSK9, HHIPL1, PLG, ApoE/ApoC1, COL4A1/COL4A2 regions, P-values,0.05), even after adjustment for main cardiovascular risk factors.
LysoPCs
We observed a strong age-dependent association between LysoPC 18:2, LysoPC 18:1 and CHD risk, with stronger inverse association in older individuals. These LysoPC species were further characterized to be associated with higher HDL-C and total cholesterol levels, and lower BMI and markers of subclinical CVD. Moreover, they were highly correlated, suggesting shared biological mechanisms. LysoPCs are mostly derived from phosphatidylcholines (PC) and several mechanisms contribute to their formation. A large component of LysoPC in plasma is derived from PC by the glycoprotein lecithin cholesterol acyltransferase (LCAT). Another well-known mechanism of LysoPC production, which mainly takes place in tissues, is via PC hydrolysis by the action of secretory PLA2 family [4] . Although higher levels of LysoPCs have been observed during the oxidative modification of LDL-C that accompanies their conversion to atherogenic particles, it has also been shown that LysoPCs produced by a PLA2-like activity of Paraoxanase 1 contributes to the inhibition of macrophage biosynthesis and that they consequently reduce cellular cholesterol accumulation and atherogenesis [12] . LysoPC are also produced by endothelial lipase and hepatic lipase [13] . Hepatic lipase, which is also involved in triglyceride hydrolysis, is mainly responsible of the production of unsaturated LysoPCs [14, 15] . Although LysoPCs are commonly seen as pro-inflammatory and pro-atherogenic metabolites [16] , recent populationbased studies have suggested a protective effect of LysoPCs on cardiovascular risk. In a study of type 2 diabetes, LysoPC 18:2 was found to be inversely associated with incident diabetes and impaired glucose tolerance [17] . Fernandez and colleagues found an inverse association of LysoPC 16:0 and LysoPC 20:4 with incident CVD and reduced intima media thickness [18] . More recently, Stegemann and colleagues [19] found an inverse association between several LysoPC species and incident CHD. Our study confirms and extends these previous findings. Using a Mendelian randomization approach, we suggest that the observed association between LysoPCs and incident CHD are likely to not be causal.
Strengths and limitations
Our study has several strengths. To our knowledge, this is the largest study investigating the metabolome in relation to incident CHD. Mass spectrometry-based metabolomics is extremely sensitive and allows detection of more metabolites than nuclear magnetic resonance-based methods [20] . We validated our findings using an independent population, with a different blood collection method, blood partition (serum instead of plasma) and age range. At the cost of augmented heterogeneity, this approach has the advantage to increase the generalizability of our findings. All three study samples were longitudinal and we have studied incident events decreasing the risk of reverse causation or selection bias as an explanation to our observations. We performed extensive characterization of underlying biological mechanisms, clinical utility, and potential causal effects for those metabolites showing strong evidence of association. We also acknowledge Table 2 . GWAS of metabolites associated with CHD; SNPs with P-value,5610 27 and minor allele frequency . several limitations of our study. First, we used a non-targeted approach, meaning that every ion detected by mass spectrometry was treated as a separate variable, increasing the multiple-testing burden. We have previously shown that this approach does not affect the FDR point estimate, but might increase its variability [21] . However, this method is advantageous because it does not rely on pre-annotation and allows inclusion of unknown metabolites in the analyses (which subsequently can be identified using targeted methods). Moreover, we used a single analytical platform (liquid chromatography-mass spectrometry); the integration of multiple analytical platforms is a way of increasing the number of detectable metabolites. Second, non-targeted metabolomics is subject to co-elution of metabolites, ion suppression and imprecision in metabolites quantification, since each value assigned to the metabolic feature can only be interpreted as mass ion intensity. However, we do not have reason to believe that such biases would systematically affect CHD cases, since our outcome is measured prospectively and metabolomic profiling performed in a blinded fashion. Moreover, each sample has been analyzed in nonconsecutive randomized duplicates, which minimize the risk of systematic biases. Third, the use of 15% FDR in the discovery phase is larger than in some other studies, but is justified by the high degree of correlation in the data, due to the existence of multiple metabolic features for a single metabolite. Moreover, metabolites were replicated (P-value,0.05) in an independent study sample. To evaluate if our replication strategy was sufficient to minimize the number of false positives, we estimated the expected false discovery rate in the replication sample (TwinGene) [22] . This was calculated as 0.23% (S1 Text), meaning that only 0.23% of metabolites replicating at P,0.05 are expected to be false positives, suggesting that our two-tier approach correctly control the number of false positives. Finally, as our study samples consist of middle-aged to elderly individuals of Northern European decent, the generalizability to other ethnicities and younger age groups is unknown.
5% are reported.
Conclusions and future directions
In conclusion, in the largest study of the metabolome in relation to incident CHD to date, we identified lysophosphatidylcholines 18:1, 18:2, monoglyceride 18:2 and sphingomyelin 28:1 as risk factors of coronary heart disease and suggested a causal effect for monoglyceride 18:2 on CHD. Future experiments should mainly focus on determining the mechanisms by which these metabolites of lipid metabolism might be involved in pathogenesis of coronary heart disease.
Materials and Methods
Study samples
We performed metabolomic profiling of blood samples from three studies: TwinGene, ULSAM and PIVUS. An overview of the study design is illustrated in Fig. 1 , and a detailed description of each study is given in the S1 Text.
In brief, TwinGene is a longitudinal sub-study of 12,591 individuals (55% women) from the Swedish Twin Register [23] . For the purpose of metabolomic profiling, we designed a casecohort of incident CHD events and a matched sub-cohort (controls) stratified on age and sex [24] . In the final analysis we included serum samples from 1,670 unrelated individuals.
The Uppsala Longitudinal Study of Adult Men [25] (ULSAM; http://www2.pubcare.uu.se/ULSAM/) is an ongoing, longitudinal, epidemiologic study of men born between 1920 and 1924 in Uppsala County, Sweden. In the final analysis, we included plasma samples from 1,028 individuals investigated at 70 years of age.
The Prospective Investigation of the Vasculature in Uppsala Seniors [26] (PIVUS; http://www.medsci.uu.se/pivus/) is a population-based study of 70-year old individuals living in Uppsala. In the final analysis, we included serum samples from 970 individuals.
Incident CHD cases were defined as hospitalization or death with a primary diagnosis for acute myocardial infarction or unstable angina. This information was collected by linking the personal identity numbers from TwinGene and ULSAM participants with the Swedish National In-Patient Register and the Cause of Death Register up to the 31 th December 2010, which comprise the end of follow-up of the present study.
Laboratory measurements
Laboratory procedures for metabolomics have been previously described [21, 27] and are detailed in the S1 Text. Briefly, metabolomic profiling was performed on Acquity UPLC coupled to a Xevo G2 Q-TOFMS (Waters Corporation, Milford, USA) with an atmospheric electrospray interface operating in positive ion mode. Non-consecutive duplicate sample aliquots of 1 mL were injected onto a Acquity UPLC BEH C8 analytical column. Mass analysis was performed in the full scan mode (m/z 50-1200).
Genotyping arrays used in each study are described in the S1 Text. All the samples underwent the same quality control (QC) and imputation of polymorphic 1000 genome CEU SNPs (Phase I, version 3) performed using IMPUTE2.
Methods for measuring the 21 biological markers and imaging features in PIVUS have been previously described [28] [29] [30] .
Metabolic feature detection and annotation
Raw data were processed using XCMS software [31] . Procedures to perform non-targeted metabolomics in largepopulation studies have been previously described by our group [21] ; the code has been made publically available at https:// github.com/andgan/metabolomics_pipeline. Metabolic feature detection, alignment, grouping, imputation and normalization were performed separately for each study (S1 Text). Each feature is characterized by a specific mass-to-charge ratio (m/z) and retention time. A single metabolite is normally represented by more than one feature. Indiscriminant (id) MS and idMS/MS spectra were generated for all the significant features [27] . Those with highly similar spectra, strong correlation and similar retention time were deemed to be from the same metabolite. We used the spectra to identify the corresponding metabolite. Four approaches were considered, in agreement with what has been suggested by the Metabolomics Standard Initiative (MSI) [32] and as described in the S1 Text.
Statistical analysis
In ULSAM, we tested the association between each feature and incident CHD using a Cox proportional hazards model adjusted by age at baseline. We restricted our analysis to a 10-year followup since most biological markers experience a decreasing association with longer follow-up due to regression dilution bias. To evaluate the proportional hazard assumption we obtained, for each feature, a P-value from the Schoenfeld residual-based test; we did not detect any significant deviation from the proportionality assumption after correcting for multiple testing.
Features that were significantly associated with CHD in ULSAM at 15% false discovery rate (FDR) level were taken forward for replication in TwinGene. In TwinGene, we fitted Cox models adjusted for age and sex, and re-weighted for the inverse of the sampling probability using the Borgan ''Estimator II'' [24] . Features with P-value,0.05 in TwinGene and showed association with consistent direction were considered as replicated.
In the multivariable analysis, we studied the association between replicated features and CHD adjusting for main cardiovascular risk factors (sex, age, systolic blood pressure, BMI, current smoking, antihypertensive treatment, LDL-C, HDL-C, natural logarithm-transformed triglycerides and prevalent diabetes). Association analyses between metabolic features and markers of oxidative stress, inflammation and subclinical CVD in PIVUS was performed using linear regression adjusted only for age and sex, and for the same cardiovascular risk factors described above.
In TwinGene, reclassification measures (NRI, see S1 Text for additional details) were calculated using a 10% and 20% threshold for a 10-year risk of event, as often done in previous literature [33] .
The genome-wide association study (GWAS) analyses were performed in PLINK adjusting for age, sex (where feasible) and first three principal components; results were meta-analyzed using fixed effects inverse-variance weighted meta-analysis in METAL. Instrumental variables for the Mendelian randomization analysis were constructed using the GWAS results and tested for association with CHD using the results from the CARDIOo-GRAMplusC4D consortium [9] . Criteria for exclusion of pleiotropic SNPs and additional methodological information can be found in the S1 Text.
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